Abstract Laser keyhole welding of 42CrMo in air and argon atmospheres has been studied both experimentally and numerically. Significant macroscale difference is observed for welding carried out under argon and air shielding. Fusion zone of welding under argon shielding has a "▽" shape, while it has a "U" shape for welding in air. The surface of the weldment is smoother for welding in argon when compared with that in air. Oxygen effect is proposed to account for the experimental results. A three-dimensional heat transfer model with a predefined keyhole is developed to study the heat transport and fluid flow in laser welding process. The variation of weld pool geometry and temperature history is investigated for different oxygen concentrations. It is found that a small amount of oxygen could significantly modify the weld pool dimension, while keeping the temperature history of materials, and thus the microstructure, in the fusion zone and heat-affected zone unchanged.
Introduction
Shaft and gear are key components of a product, and their quality has critical influence on the service life. The 42CrMo medium carbon steel has good balance of strength, toughness, and wear resistance and is widely used in automotive crankshafts, gear, and spindles. Because of its high carbon and alloy element content, the weldability is poor. At present, the welding methods are mainly electronic beam welding and friction welding. Vacuum condition is needed, and harmful X-ray is produced in electronic beam welding, which severely restricts its application. For friction welding, the low efficiency and welding defects are concerning. Alternatively, highpower-density laser has attracted enormous research interest and found its wide application in a broad branch of manufacturing areas including selective laser sintering and three-dimensional printing [1] [2] [3] [4] [5] [6] , surface nanostructuring [7] [8] [9] [10] [11] [12] , multimaterial joining and integration [13] [14] [15] [16] [17] , material removal [18, 19] , and mechanical/optical property enhancements [20] [21] [22] [23] . Characteristics, such as contact-free processing, good flexibility and tunablity, high efficiency, and throughput, make laser a feasible route for welding of 42CrMo [24, 25] . Compared with conventional fusion welding process, laser welding has the advantage of high welding speed, narrow heat-affected zone, low distortion, and ease of automation.
The performance of laser welding is largely influenced by the heat and mass transport during the process. Fluid dynamics in the laser-induced weld pool has been considered to be the important mechanism for the heat transport [14, [26] [27] [28] [29] [30] . Buoyancy effect and Marangoni effect due to temperature variation have been considered to be the driving forces for fluid flow. In previous works, surface tension of the molten metal is typically considered to vary negatively with temperature. Its spatial gradient drives the fluid to flow from a high-temperature area to a low-temperature area [28, 31] . In recent years, surface-active elements have attracted increasing research interest and are identified to significantly influence the surface tension and subsequent fluid flow. Wang et al. [32] studied the influence of sulfur on fluid flow and weld penetration in a stationary gas tungsten arc (GTA) welding process, by modifying the boundary condition in momentum equations. Experimental study of fusion zone shape variation with different sulfur addition was performed by Mishra et al. [33] . It was found that fusion zone shifts toward the low sulfur side for butt welding of two steel plates with different sulfur concentration. The asymmetric fusion zone profile was understood to result from complex fluid flow in the weld pool. Surface tension of stainless steel with small amount of sulfur increases with temperature initially and starts to decrease when the temperature exceeds a critical value, resulting in complex Marangoni convections in the pool. Besides sulfur, oxygen is also found to be an active element. Oxide particles [34, 35] , such as SiO 2 , TiO 2 , and Al 2 O 3 , and oxygen in shielding gas were found to influence surface tensions. Lu [36] systematically studied weld pool shape in GTA welding with different oxygen content in the argon shielding gas. It was found that slight difference of oxygen content (0.3 and 0.1 vol%) in shielding gas introduced significantly different depth/width ratios. Similar results have also been reported by Fujii et al. [37] that a reversed Marangoni convection occurred as small amount of O 2 or CO 2 was added into He shielding gas in TIG welding.
Although many results have been reported for oxygen effect in low-energy-density welding process, few have touched that in high-energy-density laser welding [38] [39] [40] , especially in the keyhole mode welding. As the most commonly encountered welding atmosphere, air and argon are used as welding atmosphere and compared in the present study. A three-dimensional heat transfer model with oxygen-induced tunable surface tension is developed to quantitatively study the fluid flow and heat transport in the presence of surface-active elements during laser keyhole welding of 42CrMo. The investigation on this subject provides understanding of laser keyhole welding under different shielding gases, the effect of surface-active elements on heat and mass transport in high-temperature Marangoni convection, and could be used as a guidance penetration-controlled remote laser keyhole welding processes.
Experimental
A set of experiments with two different gas environments and laser scanning speeds were designed and carried out. Rolled alloy steel 42CrMo with dimension of 40 × 40 × 3 mm 3 was used in this study. The chemical composition of 42CrMo sheet is given in Table 1 . Oxide layer and contamination were removed from the surface of metal before welding. The surface was polished with no. 200 emery papers and then cleaned with acetone.
Experiments were conducted on a 1-kW Nd:YAG laser material processing system with five-axis CNC working station. Figure 1 shows the experimental setup. Laser power of 400 W was used, and the scanning speed varied from 4 to 30 mm/s. The gas flow rate was 2.5 L/min, and the relative humidity was 20%. Metallographic samples were prepared by wire cutting, mechanical milling and grinding, and mechanical polishing procedure. The samples were then etched using a solution of 5% HNO 3 in alcohol. Microstructure of the welding seam was characterized by NephotII optical microscopy (OM). Microhardness along the transverse direction of the welded seam was measured by an automatic microhardness tester (HXD-1000B) with a test load of 0.98 N and a dwelling time of 15 s.
3 Numerical modeling
Major assumptions
In this work, the following assumptions are used to study the heat transport and fluid flow in laser welding:
1. The liquid flow is assumed to be incompressible, Newtonian, and laminar. 2. The density change due to the temperature variation is accounted for by the Boussinesq's approximation. 3. The temperature of the molten material at the outer edge of the keyhole is equal to the boiling temperature of the welded material. A keyhole shape of cylindrical form has been proposed. 4. The top surface of the weld pool, except the keyhole area, is considered to be flat.
Governing equations
In general, the governing equations are written with respect to a three-dimensional Cartesian coordinate system in which the specimen is thought to be moving with constant velocity. Conservation of mass (i = 1, 2, 3),
where ρ is the fluid density, u is the relative velocity of liquid and solid, t is the time, and x is the spatial coordinate. Conservation of momentum,
where μ is the dynamic viscosity of the liquid phase and S is the source term.
Conservation of thermal energy,
where c is the heat capacity, T is the temperature, and K is the thermal conductivity. The source terms are given by,
where V scan is the scanning velocity of laser beam, P is the pressure, and ΔH is the latent enthalpy to account for phase change. K 0 is a constant representing the mushy zone morphology. β T is the coefficient of volumetric expansion due to temperature. f l is the liquid mass fraction. The relative velocity of liquid inside the keyhole is set to zero. B is the small positive constant to avoid the division by zero. g is the gravity acceleration. The first and second term in the right side in Eq. (4) represent the latent heat release and absorption due to phase change at the liquid/solid interface. The remaining two terms result from laser scanning. The third term in the right side in Eq. (5) is a Darcy term, representing the damping force in the mushy zone when fluid is passing through a porous medium. The fourth term accounts for the buoyancy effects caused by temperature variation. The last two terms represent the influence of laser scanning speed on fluid flow of the liquid metal.
In Eq. (4), ΔH is given by
where the liquid mass fraction f l is defined as
with T l and T s being the liquidus and solidus temperature, respectively. The heat capacity, density, thermal conductivity, and mass diffusion coefficient for the liquid and solid mixture are defined as follows:
Boundary conditions
At the top surface of the materials, heat loss (Q loss ) due to convection and radiation is given by
Natural convection is applied to other surfaces of the specimen. During steady state of laser welding, heat input by laser radiation keeps temperature of the molten material at the outer edge of the keyhole to be the boiling temperature.
The Marangoni-driven flow at the free surface is described by
In the solid region, Surface tension could be influenced by temperature and surface-active elements. The relationship between surface tension and concentration of surface-active elements in binary metal is studied by Sahoo et al. [41] . The surface tension γ is expressed by,
where γ m is the surface tension of pure metal at the melting point. A is the negative temperature coefficient of surface tension for pure iron. Γ s is the surface excess at saturation. R is the gas constant; k l is a constant which is related to the entropy of segregation. ΔH 0 is the standard heat of adsorption. C is thermodynamic activity.
The temperature coefficient of surface tension as a function of temperature and oxygen content in Fe-O system is shown in Fig. 2 . The whole rectangular computational domain is divided into small rectangular control volumes. The governing equations are discretized using the control volume method on a staggered grid. Scalar quantities, such as pressure and temperature, are stored at the center of the computational cell. Velocity components are stored at the corresponding cell face centers. The general framework of the numerical solution rests on the SIMPLEC algorithm. A non-uniform grid of 159 × 160 × 50 meshes is used, with finer grids near the heat source. The minimum grid space is 20 μm. The mesh grids for numerical simulation are shown in Fig. 3 . And the data used for calculations are presented in Table 2 and Fig. 4 .
Results and discussions
If the temperature of the weld pool is higher than the boiling point of the materials, the vaporization occurs. A large surface pressure of vapor generates a keyhole down to a certain depth of the weld. Several important welding characteristics could be observed. Figure 5 shows the weld shapes at different welding speeds under argon and air atmospheres. It is shown that the weld pool obtained under the argon shielding gas has a ▽ shape. The dimension at the top of the cross section of the fusion zone is larger than that at the bottom; on the contrary, the weld pool obtained in air has a U shape. Besides the apparent shape difference, a close analysis of the penetration depth and weld pool width (Fig. 6) indicates significantly different transport phenomena between the two shielding atmospheres. Welds in air have larger penetration depth than those in argon shielding but have smaller weld pool width. For welding speeds between 4 and 15 mm/s, the difference of weld pool width for two shielding conditions increases as laser scans faster, while the difference of the depth decreases. The aspect ratio (depth/width) is larger than the unity for welding in air and less than the unity in argon shielding. The probability of porosity during welding also differs. Porosity could be found in both argon and air atmospheres when the laser scanning speed is higher than 15 mm/s, due to increase in solidification rate. For scanning speed between 8 and 15 mm/ s, the sample welded in air is consisted of bubbles, while no porosity is observed for welding in argon. This indicated that porosity is more likely to happen as the welding speed increases, and the probability of porosity when welding in air is much higher than that in argon. Figure 7 shows the typical surface appearances of the workpieces after laser keyhole welding. Smooth and regular surface ripple patterns could be observed under argon shielding (Fig. 7a) . In contrast, the surface ripple patterns for welding in air are irregular, resulting in large surface roughness, as shown in Fig. 7b . Such different surface rippling phenomena can be ascribed to different fluid flow patterns in the weld pool, oxidation of metal in high temperature, and the Kelvin-Helmholtz instability [24] at the interface between the molten layer and the plasma plume.
Although much difference could be observed from the macroscale examination, microstructure and microhardnesses of the weldments under the two conditions are similar. Figure 8a -d shows the microstructure of the cross-section zone at different locations. As shown in Fig. 8a , the microstructure of the fusion zone (FZ) is coarse lath martensite. Microhardness test reveals that hardness in the FZ is around 700 HV and has uniform profile with small variations. The material at heat-affected zone (HAZ) near the FZ is shown in Fig. 8b . Due to high cooling rate, this region experiences complete quenching process and needle-like martensite is formed at this area. Figure 8c shows the material in the HAZ away from the FZ. The material in this region is not fully quenched, and mixture structure of matensite, bainite, and untransformed pearlite could be found in this area. Microhardness at HAZ varies from 250 to 700 HV. Figure 8d shows the OM micrographs of the base metal rolled 42CrMo. It could be seen from the figure that the parent material is a mixture of ferrite and pearlite. The hardness of this area is measured to be around 250 HV.
In order to fully understand the aforementioned differences in weld geometries and appearances, a three-dimensional heat transfer model with molten liquid dynamics is developed to study the heat and mass transport phenomena. The threedimensional temperature fields for the two cases are shown in Fig. 9 . It can be seen that temperature fields far away from [29] . The calculated weld pools and HAZs are compared with experimental results, as shown in Fig. 11 , demonstrating a good agreement and the validity of our simulation model. Small discrepancy could have resulted from inaccuracy of material properties at high temperatures, differences in geometries and temperature fields of the proposed keyhole and the actual one, keyhole dynamics such as keyhole collapsing, and gas trapping in the weld pool.
The driving force of fluid flow is studied in detail to further shed light on the obtained experimental and simulation differences between two shielding gases. Figure 12 plots the top-surface temperature coefficient of surface tension in air atmosphere. In comparison to a constant value usually used [14, 42, 43] , the temperature coefficient of the surface tension in the present study of air shielding decreases as temperature increases. It reaches a minimum value and becomes negative at the center of the weld pool. Apart from the small region near the weld pool center, the coefficient is positive in other areas. Surfaceactive elements, such as oxygen, could introduce spatially varied coefficients which significantly alter the transport phenomena inside the weld pool. Under argon shielding, the temperature coefficient is negative. The surface Fig. 10 Calculated temperature fields for welding in argon and air. a Cross section, in argon; b cross section, in air; c top view, in argon; and d top view, in air Fig. 11 Comparison of experimental and simulated weld shape: a in argon and b in air tension at the periphery of the weld pool is larger than that in the center, resulting in fluid flowing from the hot area to the cool area. Heat transport to the periphery is thus enhanced by this outward fluid flow. This increases the weld pool dimension at the top surface, and the fusion zone has a ▽ shape. On the contrary, under air shielding, the metal oxidizes under high temperature, resulting in an increase of oxygen content in the weld pool. Oxygen is then served as a surface-active element and influences the surface tension of the molten metal, thus changing the direction of fluid flow in the weld pool and heat transport. Due to the existence of oxygen, temperature gradients of the surface tension are functions of both temperatures and locations. The material inside of the weld pool has positive values except that at the vicinity of the keyhole. Surface tension varies spatially and is small at the periphery and the center of the weld pool. The molten metal flows from the periphery to the center of the weld pool where the heat source and the keyhole are located. This hinders the heat transport from the high-temperature regions to the low ones at the top surface, resulting in smaller width of the FZ at the top surface when compared with the case of argon shielding.
In order to study the effect of oxygen systematically, weld pool dimensions are calculated by changing oxygen concentrations in Eq. 17, as shown in Fig. 13 . Although the oxygen level in the molten weld pool is difficult to be measured in real time, the simulation with assumed concentrations could provide an in-depth understanding to the welding process. It is found that a slight increase of oxygen content from 10 to 100 ppm could result in a sharp decrease of the weld pool width, while increasing oxygen content from 100 to 500 ppm only has moderate impact on the weld pool width. Further increase of the content above 500 ppm does not influence the weld pool dimensions. These results could be interpreted by considering the role of fluid flow in the molten pool together with oxygen effect according to Eq. (17) . It should be noted that the weld pool dimension depends on the temperature fields at the surface, which are controlled through competing effects between conduction mode and convection mode heat transports. For the convection mode, thermocapillary convection has previously been reported to be more pronounced than the Rayleigh-Benard convection due to variation of density [44] . With the increase of oxygen contents, the temperature coefficient of surface tension increases, resulting in a change of the driving forces for the Marangoni convections. This influences both the strength and the pattern of fluid flow. As heat transfer is supported by fluid flow, the weld pool dimension at the surface decreases when the overall direction of flow changes from outward to inward. Figure 14 shows the top-surface temperature profiles along the scanning direction, heating and cooling rates at different locations for both cases. The whole heating and cooling processes finish within 1 s. The material inside the keyhole experiences the highest temperature (above 3000 K) and heating/cooling rates (above 10 4 K/s) among all locations considered. Microstructures (coarse lath martensite for FZ and untransformed pearlite for HAZ) vary with locations but are found to be similar for both cases. It is confirmed that the materials inside the weld pool experience the similar temperature histories during the welding process despite of the fact that different shielding gases are used. Hence, similar microstructures are obtained although there is obvious macroscale difference in fusion zone shape for the two shielding gases.
From the above analysis, it is demonstrated that the shape of fusion zone could be controlled by adding small amount of surface-active elements into the process while keeping the desirable microstructure of the weldment 
Conclusions
In this paper, a set of welding process is carried out to investigate laser keyhole welding of 42CrMo in argon and air gas shielding. Different fusion zones and sample surface morphologies are observed. Oxygen effect is proposed to account for the observed experimental difference. A three-dimensional heat and mass transfer model with surface-active elementdriven thermocapillary flow is developed to study the underlying physical mechanism. The main conclusions are the following:
1. The weld pool obtained under argon gas shielding has a ▽ shape. The dimension at the top of the cross section of the fusion zone is obviously larger than that at the bottom. In comparison, a U shape weld pool is observed under air shielding. Surface ripple pattern is also found to be different. For argon shielding, the surface is smooth, and the ripple pattern is uniform and regular, while rough surface with irregular ripple pattern is observed for air shielding. 2. Oxygen effect on the Marangoni convection inside the weld pool is proposed to account for the experimentally observed difference and similarity. A three-dimensional heat and mass transfer model is developed to analyze fluid flow and temperature fields in laser keyhole welding of 42CrMo based on an assumed keyhole profile. Surface tension is noticeably affected by oxygen concentration, and the welding process is sensitive to oxygen content in the weld pool. The difference of weld pool width between welding under argon and air shielding results from change of fluid flow pattern from "outward" to "inward" and change of heat transport of laser energy in the weld pool. The influence of oxygen saturates at 500 ppm. The calculated results agree well with the experimental ones, indicating the validity of the model. 3. Although there is obvious macroscale difference in fusion zone shape for different gas shielding, the temperature history of material does not change; thus, the microstructure obtained between the two cases is similar. It is proposed that the shape of fusion zone could be tuned by controlled addition of surface-active elements without changing the desirable microstructure of the weldment.
